Introduction {#S0001}
============

Angiogenesis is the physiological process by which new blood vessels generate from pre-existing vessels.[@CIT0001],[@CIT0002] Physiological angiogenesis is a normal and a vital process in embryo development and wound healing. However, abnormally accelerated angiogenesis or pathological angiogenesis is associated with several diseases, including cancer.[@CIT0003] The proliferation and the metastatic spread of cancer cells depend on an adequate supply of nutrients and oxygen, which are key components of blood.[@CIT0004] Both activators and inhibitors regulate angiogenesis. Keeping a balance between activators and inhibitors is crucial for vascular homeostasis.[@CIT0003] Angiogenesis inhibitors may systematically disrupt blood vessel formation or support removal of existing vessels by acting on several proteins that have been identified as angiogenic activators, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (FGF), angiogenin, transforming growth factor (TGF)-α, TGF-β, tumor necrosis factor-α, platelet-derived endothelial growth factor, granulocyte colony-stimulating factor, placental growth factor, interleukin-8, hepatocyte growth factor, and epidermal growth factor.[@CIT0005] Therefore, the discovery of novel angiogenic inhibitors may help to reduce both morbidity and mortality related to carcinomas.

Due to a vast molecular, structural, and chemical diversity, natural products (NPs) have a higher likelihood to exhibit specific bioactivities than the ones exhibited by many synthetic small molecules.[@CIT0006] The use of NPs in drug discovery has significantly declined because of the phenomenal advances in high-throughput screening and combinatorial synthesis during the past two decades; however, they remain the best sources of drugs and drug leads.[@CIT0007] The vast, untapped, ecological biodiversity of NPs favor their consideration in drug discovery and drug development. The Zebrafish is an ideal in vivo model platform to systematically identify bioactive natural products with therapeutic potential. There is a strong conservation in genetics, development, and physiology between the zebrafish and humans.[@CIT0008] The zebrafish embryos are optically transparent, allowing for visual screening, and observation of the effects of drugs on internal organs during the embryogenesis process.[@CIT0009] The zebrafish embryos are small, only 1 mm to 5 mm, and consequently compatible with microtiter plates for screening, and require only microgram amounts of the compound to be tested.[@CIT0010] The ease of maintenance at high densities and high fecundity of the zebrafish provide representative significant statistical data for experimental analysis.[@CIT0009]

In the present study, we screened 240 compounds from the Natural Products Collection of MicroSource Discovery Systems \[NP150704\][@CIT0011] ([<http://www.msdiscovery.com>]{.ul}) using a transgenic zebrafish line with fluorescent blood vessels.[@CIT0012] Among the screened compounds, five compounds, dihydro-munduletone, deoxysappanone B 7,4ʹ-Dimethyl Ether (Deox B 7,4), Mundoserone, ononetin, and pomiferin, were identified to have potential anti-angiogenic activity on the zebrafish embryogenesis. Since the anti‑angiogenic activity of dihydro-munduletone and mundoserone has been reported in previous studies,[@CIT0013],[@CIT0014] we focused on the anti-angiogenic activity of Deox B 7,4 on the zebrafish embryos in this study. qRT-PCR was used to examine the expression pattern of various genes that regulate angiogenesis in the zebrafish embryos treated with Deox B 7,4. Our data supported the potential utility of Deox B 7,4 in the treatment of angiogenic-dependent diseases.

Materials and Methods {#S0002}
=====================

Zebrafish Care and Maintenance {#S0002-S2001}
------------------------------

The zebrafish strain *Tg (fli1a:EGFP)^y1^* with transgenic endothelial cells expressing EGFP was obtained from the Shanghai Research Center for Model Organisms (Shanghai, China). The adult zebrafishes were maintained at 28.5°C under a 14 h light/10 h dark cycle. The embryos were generated by natural pair-wise breeding. Five pairs to six pairs of the zebrafishes can produce up to 200 embryos--300 embryos per mating session. The embryos were raised at 28.5°C in deionized water containing 0.2% Instant Ocean Salt (Aquarium Systems, Inc., Mentor, OH, USA). The embryos were washed and staged, as described in the previous study.[@CIT0015] The establishment and characterization of the *fli1a-EGFP* transgenic lines were performed according to the methods described by a previous study.[@CIT0016] All protocols comply with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International.

Drug Library and Drug Treatment {#S0002-S2002}
-------------------------------

The 240 compounds used for the initial screening in this study were obtained from the Natural Products Collection Library (MicroSource Discovery Systems, Gaylordsville, CT, USA) ([[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=252681.xlsx)]{.ul}). All compounds in the product were at 95% purity or greater and were provided in dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, USA) solution at a concentration of 10 mM. The compounds were aliquoted into ten 96-well plates with one compound per well and 80 compounds per plate. The plates were stored at −80°C for the initial screening and re-testing procedure.

At 24 h post-fertilization (hpf), the *Tg (fli1a:EGFP)* embryos were distributed into 12-well plates (30 embryos/well) with 250 μL deionized water containing 0.2% Instant Ocean Salt in each well. The compounds were diluted in 0.1% DMSO and added to each well at a final concentration of 10 μM. PTK787 (5 μM, Selleck Chemicals, Houston, TX, USA), a vascular endothelial growth factor receptor (VEGFR) antagonist,[@CIT0017] was used as a positive control and 0.1% DMSO was used as a negative control. To observe the concentration-dependent anti-angiogenic effects of Deox B 7,4, the *Tg (fli1a:EGFP)* embryos were added to 12-well plates (30 embryos/well) and exposed to 1 μM, 2.5 μM, and 5 μM of Deox B 7,4 for 24 h.

Angiogenesis Assessment {#S0002-S2003}
-----------------------

After 48 hpf, ten embryos in each well were anesthetized with 0.016% MS-222 (tricaine methanesulfonate, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and the morphology of the intersegmental vessels (ISVs), which normally connect the dorsal longitudinal anastomotic vessels (DLAVs) to the dorsal aorta (DA), was visualized and assessed using the Nikon SMZ 1500 Fluorescence microscope (Nikon Corp., Tokyo, Japan) equipped with a digital camera. Quantitative image analyses were performed using image-based morphometric analysis software NIS-Elements D3.1 (Nikon Corp., Tokyo, Japan). To optimally visualize the morphology of ISVs, the Adobe Photoshop 7.0 software (Adobe, San Jose, CA, USA) was used to adjust the images for their levels of brightness, contrast, hue, and saturation. Lead compounds were defined as the compounds which inhibited the total number of ISVs formed and/or the number of complete ISVs (ie, the number of ISVs that connect DA to DLAV). Drug effects were calculated according to the following formula:

Inhibition (%) = (1 -- ISV~concentration\ of\ compound~/ISV~vehicle~) × 100%.

Drug Toxicity {#S0002-S2004}
-------------

The remaining embryos in each well of 12-well plates were continuously treated with compounds for another 24 h, the toxic effects of compounds on the zebrafish embryo development were observed under the Nikon SMZ 1500 Fluorescence microscope.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) {#S0002-S2005}
-------------------------------------------------------

Total RNA was extracted from 30 to 50 embryos that were treated with 5 μM Deox B 7,4, 5 μM PTK787, or DMSO for 24 h using TRIzol^®^ (Roche, Basel, Switzerland) according to the manufacturer's instructions. RNA was reverse transcribed into cDNA using the PrimeScript™ RT reagent kit with gDNA Eraser (Takara, Otsu, Japan). The quantification of gene expression was performed in triplicates using the iQ™ SYBR^®^ Green Supermix (Bio-Rad, Hercules, CA, USA) and the Mastercycler^®^ Realplex system (Eppendorf, Hamburg, Germany). Primers used in this study have been listed in [Table 1](#T0001){ref-type="table"}. β-actin was used as an internal reference. The relative gene expression was quantified based on the comparative threshold cycle method (2^−ΔΔCt^). All experiments were performed in triplicate.Table 1Primer Sequences Used in This StudyGeneForward Primer 5ʹ-3'Reverse Primer 5ʹ-3'*dll4*AGGCCTGGCACTCACCTTACTCCACCCCAGCCCTCTTTACAGTT*notch1a*GCCGCAGATGCAGGGCAATGAAGTGAGGGCAGGCAGGGCTGGTAGAGG*hey2*CGGCTTCCGGGAGTGTCTGACTTCCCCACGGTCGGTATGGTTTA*efnb2a*TTGGGGCCTGGAGTTCTTCAGATCTTGGGCGTGGCTAATGTGCT*slit2*GAGCGACTGGACCTGAATGGTAGATCCTGAAATGCCCCTC*slit3*GCGAGTGTTTCCAAGACCTGGATTTCATTGTCGTTCAGCCG*robo1*AGGAGTCACATACAGGCTAGAGGTCTGAGATCTGCTGGGAAATG*robo2*GAGGTGTGGATGTGGACTATGCTACAATCCGAGGTGGAGAATC*robo4*GAGATCAGTCCCAAACCACAGCCCACAGATATAGCCCAACG*vegfaa*CTCCATCTGTCTGCTGTAAAGGGGGATACTCCTGGATGATGTCTA*kdr/flk1/vegfr-2*CCTGAGACCATCTTTGACCGGTTCCCTCTTTAAGTCGCCTG*flt1/vegfr-1*GTATTTGAACAGCACGGGTTTAGCGGCTTCTTGATATGCGTTTG*fgfr1*CCTGCGCAACGATCAGATGGAGATTTGCCGTTTTTAAGCCACTTGAGC*fgfr2*CCCCGACAACCGCACGCTCGTATAGCCGCCCATGCGATCCTCCTGT*fgfr3*TCCCCGTATCCAGGTATCCTCTGAACGTGGGTCTTTGTG*fgfr4*GCTGCGCATTGGATTGACCGATAAAGGCCCCAGGCGATTACTGTCCTT*COX2*CCTTCCGGCCATCATTCTTATTCCGCAGATTTCAGAGCATTGTC*mmp9*GTGCCGGACATCCGCAACTACACACCAGGGAAGGCCATCTGTGC*ptp-rb*TTGGGCAGCATGCGGAATACTGAGTTACCAGGCTGCCATGAAACATCC*pik3r2/p85β*CCCGGAAACTGCTCCCCCTAATCTAGCGGGAGGAGTCGGCTCTTGTT*β-actin*TCCGGTATGTGCAAAGCCGGCCACATCTGCTGGAAGGTGG[^1]

Statistical Analysis {#S0002-S2006}
--------------------

All results were presented as means ± standard error of the mean. Differences between the two groups were evaluated using a *t*-test. For multiple comparisons, analysis of variance was employed. GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis and graphical representation of the data. *P* \<0.05 was regarded as statistically significant (\*), *P* \<0.01 was considered as statistically very significant (\*\*), and *P* \<0.001 was considered as statistically highly significant (\*\*\*).

Results {#S0003}
=======

Angiogenesis Drug Screening {#S0003-S2001}
---------------------------

The transgenic zebrafish line *Tg (fli1a:EGFP)* was used for angiogenesis drug screening. Among 240 compounds from the Natural Products Collection Library, 5 compounds, dihydromunduletone, Deox B 7,4, ononetin, mundoserone, and pomiferin, exhibited strong anti-angiogenic activity on the zebrafish embryogenesis ([Table 2](#T0002){ref-type="table"}). Dihydromunduletone inhibits angiogenic vessel growth in the zebrafish, which has been reported in the previous study.[@CIT0017] The zebrafish embryos in the vehicle group developed complete ISVs, DA, and DLAV, while the formation of ISVs, DA, and DLAV in the zebrafish embryos treated with PTK787 was completely inhibited. In comparison of the vehicle group to the positive controls, the embryos treated with Deox B 7,4, ononetin, or pomiferin presented a few incomplete ISVs, and the primary sprouts of DA can be occasionally observed ([Figure 1](#F0001){ref-type="fig"}). The chemical structures of Deox B 7,4, ononetin, and pomiferin have been presented in [Figure 2](#F0002){ref-type="fig"}. Twelve compounds showed toxic activity on the zebrafish embryos, mundulone, celastrol, purpurogallin-4-carboxylic acid, purpurogallin, and agaric acid caused 100% mortality; 4-nonylphenol caused 80% mortality; madecassic acid caused 40% mortality. 7-desacetoxy-6,7-dehydrogedunin, obliquin, and rhamnetin exhibited organ-specific (skin, muscle, heart, and fin) toxicity. Moreover, 3-methylcatechol inhibited pigmentation, while xanthone inhibited hatching ([Table 2](#T0002){ref-type="table"}).Table 2Summary of the Initial Screening of 240 Compounds from the Natural Products Collection LibraryEmbryo Stage at TreatmentAngiogenesis Inhibit (%)ToxicityIDMol NameMol Wt48 hpf100% death00200011Munduletone434.49448 hpf10000210203Dihydro-munduletone424.49848 hpf10002300332Deoxysappanone B 7,4ʹ-dimethyl ether314.34148 hpf100% skin and muscle toxicity001001467-desacetoxy-6,7-dehydrogedunin422.52648 hpf80% death003300854-nonylphenol220.35872hpf100% cardiovascular toxicity00100540Obliquin244.24972 hpfFin-reduction phenotypes00310031Rhamnetin316.2772 hpfPigmentation inhibition016009193-Methylcatechol140.14072 hpfHatching inhibition00200523Xanthone196.20848 hpf10000212097Ononetin258.27648 hpf10000201477Mundoserone342.35248 hpf10000201580Pomiferin420.46648 hpf40% death01505250Madecassic acid504.71348 hpf100% death00201664Celastrol450.62448 hpf100% death00240826Purpurogallin-4-carboxylic acid264.19348 hpf100% death00210505Purpurogallin220.18348 hpf100% death01505775Agaric acid416.560[^2] Figure 1Representative bright-field (**A, D, G, J** and **M**) and fluorescent (**B, E, H, K** and **N**) images of 24 h post-fertilization zebrafish embryos exposed to 0.1% dimethyl sulfoxide (control), 10 μM lead compounds, or 5 μM PTK787 for 24 h (magnification ×40). The images of (**C, F, I, L** and **O**) (magnification ×112.5) are the subset of the images B, E, H, K, N, respectively. Asterisks indicate occasional sprouts of DA. Scar bar = 200 μm; Deox B 7,4, Deoxysappanone B 7,4ʹ-Dimethyl Ether.**Abbreviations:** DLAV, dorsal longitudinal anastomotic vessels; ISVs, intersegmental vessels; DA, dorsal aorta; PCV, posterior cardinal vein.Figure 2Chemical structures of Deox B 7,4 (**A**), ononetin (**B**) and pomiferin (**C**). Deoxysappanone B 7,4ʹ-Dimethyl Ether, Deox B 7,4.

Deox B 7,4 Inhibited the Formation of ISVs in the Zebrafish Embryos in a Dose-Dependent Manner {#S0003-S2002}
----------------------------------------------------------------------------------------------

The dose-response effect of Deox B 7,4 on ISVs formation of the zebrafish was further investigated. After the *Tg (fli1a:EGFP)^y1^* embryos were treated with 1 μM, 2.5 μM, and 5 μM of Deox B 7,4, respectively, for 24 h, the number of complete ISVs formed in the zebrafish embryos at 48 hpf declined accordingly ([Figure 3](#F0003){ref-type="fig"}). The number of complete ISVs in the zebrafish embryos treated with Deox B 7,4 was significantly reduced as compared to the number of ISVs in the vehicle group, and the inhibition rates of 1, 2.5, or 5 μM Deox B 7,4 on the formation of ISVs were up to 89.13%, 96.02%, or 99.64%, respectively ([Figure 3P](#F0003){ref-type="fig"} and [Q](#F0003){ref-type="fig"}).Figure 3Representative bright-field (**A**--**E**) and fluorescent (**F**--**J**) images of 24 h post-fertilization zebrafish embryos exposed to 0.1% dimethyl sulfoxide (control), 1 μM, 2.5 μM, or 5 μM Deox B 7,4, or 5 μM PTK787 for 24 h (magnification ×40). The image of (**K**--**O**) (magnification ×112.5) is a subset of the image of (**F**--**J**), respectively. Asterisks indicate occasional sprouts of DA. (**P**) The number of complete ISVs in embryos treated with dimethyl sulfoxide, Deox B 7,4, or PTK787. (**Q**) The inhibition rate of complete ISVs in Deox B 7,4-treated embryos. Values have been displayed as mean ± standard error of the mean (n=10). \*\*\**P* \<0.001. Scar bar = 200 μm; Deox B 7,4, Deoxysappanone B 7,4ʹ-Dimethyl Ether.**Abbreviations:** DLAV, dorsal longitudinal anastomotic vessels; ISVs, intersegmental vessels; DA, dorsal aorta; PCV, posterior cardinal vein.

Deox B 7,4 Regulated the Expression of Angiogenesis-Related Genes During Zebrafish Embryogenesis {#S0003-S2003}
------------------------------------------------------------------------------------------------

In order to unveil the molecular mechanisms underlying the Deox B 7,4-mediated inhibition of growth of angiogenic vessels in the zebrafish, qRT-PCR was performed to evaluate the expression of the genes that participated in the angiogenesis-associated signaling pathways in embryos, ie, delta-like ligand 4 (*dll4*), neurogenic locus notch homolog protein 1 (*notch1a*), hes-related family basic helix-loop-helix transcription factor with YRPW motif 2 (*hey2*), ephrin B2 (*efnb2*), slit guidance ligand (*slit*) 2, *slit3*, roundabout guidance receptor (*robo*) 1, *robo2, robo4*, vascular endothelial growth factor Aa (*vegfaa), vegfr-1, vegfr-2*, fibroblast growth factor receptor (*fgfr*) 1, *fgfr2, fgfr3, fgfr4*, cyclooxygenase-2 (*COX2*), matrix metallopeptidase 9 (*mmp9*), protein tyrosine phosphatase, receptor type B (*ptp-rb*), phosphoinositide-3-kinase regulatory subunit 2 (*pik3r2*). As shown in [Figure 4](#F0004){ref-type="fig"}, Deox B 7,4 treatment significantly suppressed the expression of *dll4, hey2, efnb2, slit2, slit3, robo1, robo2, robo4, fgfr3, COX2, ptp-rb*, and *pik3r2*; Deox B 7,4 treatment markedly promoted the expression of *fgfr1, vegfr-2*, and *mmp9* as compared to the expression of genes in the vehicle group. No significant difference in the expression of *notch1a, fgfr2, fgfr4, vegfaa*, and *vegfr-1* was observed between the vehicle group and the Deox B 7,4-treated group.Figure 4Expression profiles of angiogenesis-related genes in 24 h post-fertilization zebrafish embryos treated with 0.1% dimethyl sulfoxide (control), 5 μM Deox B 7,4, or 5 μM PTK787 for 24 h. Values have been displayed as mean ± standard error of the mean (n=4). \*\**P* \<0.01 vs control, \*\*\**P* \<0.001 vs control. ns, not significant.**Abbreviations:** vegfaa, vascular endothelial growth factor Aa; vegfr, vascular endothelial growth factor receptor; fgfr, fibroblast growth factor receptor; COX-2, cyclooxygenase-2; mmp9, matrix metallopeptidase 9; ptp-rb, protein tyrosine phosphatase, receptor type B; pik3r2, phosphoinositide-3-kinase regulatory subunit 2; slit, slit guidance ligand; robo, roundabout guidance receptor; dll4, delta-like ligand 4; notch1a, neurogenic locus notch homolog protein 1; hey2, Hes-related family basic helix-loop-helix transcription factor with YRPW motif 2; efnb2, ephrin B2.

Discussion {#S0004}
==========

Pathological angiogenesis has been reported in a range of angiogenesis-dependent diseases, including cancer,[@CIT0018] psoriasis,[@CIT0019] diabetic retinopathy,[@CIT0020] rheumatoid arthritis,[@CIT0021] and endometriosis.[@CIT0022] Tumor angiogenesis provides the tumor with a continuous supply of blood and nutrients in the tumor microenvironment, hence promotes tumor progression. Anti-angiogenesis strategies are considered as a promising new form of cancer treatment.[@CIT0003] Several anti-angiogenesis NP drugs have been approved by the Food and Drug Administration and continue to be used for cancer treatment;[@CIT0023]--[@CIT0025] however, the wide range of side effects caused by these anti-angiogenesis agents limits their broad application and acceptability.[@CIT0026],[@CIT0027] Using the transgenic zebrafish strain *Tg (fli1a:EGFP)^y1^*, we screened 240 compounds from the Natural Products Collection Library and identified five lead compounds (dihydromunduletone, Deox B 7,4, ononetin, mundoserone, and pomiferin) with strong anti-angiogenic activity on angiogenic vessel-growth of the zebrafish. Of these five leads, dihydromunduletone has been demonstrated to inhibit the intersegmental vessel growth in the zebrafish and possesses antitumor activity against prostate cancer.[@CIT0013] Besides, the anti‑angiogenic activity of Mundoserone has been reported in our previous study.[@CIT0014]

In this study, we used zebrafish strain *Tg (fli1a:EGFP)^y1^* as the in vivo model for screening of natural products because of its high genetic, pharmacologic and physiologic similarity with humans. Besides, the zebrafish is usually small, optical transparency and produces a large number of embryos. These characters define zebrafish as an ideal in vivo model for drug discovery compared with other animals, such as rats and mice.[@CIT0028],[@CIT0029] The zebrafish strain *Tg (fli1a:EGFP)^y1^* is a transgenic zebrafish strain which exhibits vasculature-specific expression of EGFP in tail and trunk during embryonic and larval development. This strain has been frequently used as the in vivo model for studying the angiogenic activity of nature products.[@CIT0010],[@CIT0030]

The anti-angiogenic activity of mundoserone on zebrafish embryogenesis has been previously reported by a study conducted by our group.[@CIT0014] Deox B 7,4 seemed to exhibit the most robust anti-angiogenic activity on angiogenic vessel-growth of the zebrafish as compared to the anti-angiogenic activity exhibited by the other four compounds ([Figure 1](#F0001){ref-type="fig"}). In this study, we further evaluated Deox B 7,4 for its anti-angiogenic efficacy and mechanism of action.

Deox B 7,4 is a compound with anti-leukemic activity.[@CIT0031] In the present study, we found that Deox B 7,4 can also function as an anti-angiogenic agent to inhibit the vessel growth of the zebrafish. The *Tg (fli1a:EGFP)^y1^* embryos at 24 hpf were exposed to 1, 2.5, and 5 μM of Deox B 7,4, respectively, for 24 h, the number of complete ISVs formed in the zebrafish embryos at 48 hpf was observed under a fluorescence microscope. Deox B 7,4 treatment in a dose-dependent manner inhibited the ISVs formation in the zebrafish embryos, and almost completely inhibited the ISVs formation at 5 μM (99.64% inhibition, [Figure 3](#F0003){ref-type="fig"}). These findings suggest that Deox B 7,4 possesses anti-angiogenic activities and has a therapeutic potential for the treatment of angiogenesis-dependent disorders, especially cancer.

Pro-angiogenic factors, VEGF and FGF, can stimulate angiogenesis through specific binding to cell surface-expressed receptors with tyrosine kinase activity. The activation of receptor kinases leads to downstream signaling cascades that regulate various aspects of endothelial cells like differentiation, proliferation, and migration.[@CIT0032] In this study, we detected the gene expression of *vegfaa*, VEGF and FGF receptors *vegfr-1, vegfr-2, fgfr1, fgfr2, fgfr3*, and *fgfr4* in the zebrafish embryos treated with Deox B 7,4. We observed that *fgfr3* was significantly down-regulated in the zebrafish embryos as compared to the levels observed in the vehicle group ([Figure 4](#F0004){ref-type="fig"}), suggesting that Deox B 7,4 may exert anti-angiogenesis activity via suppressing *fgfr3* in the zebrafish. The up-regulation of *vegfr-2* and *fgfr1* may be attributed to the stress-response of Deox B 7,4 treatment. The FGF signaling pathway is responsible for the maintenance of vascular integrity through enhancement of the stability of VE-cadherin at adherens junctions. Protein tyrosine phosphatases (PTPs) are involved in the maintenance of the VE-cadherin-catenin complex at adherens junctions.[@CIT0033] Blockade of the FGF signaling pathway has been demonstrated to accelerate the degradation of PTP non-receptor type 11 (PTPN11) and disrupts the PTPN11/VE-cadherin interaction, leading to the loss of endothelial junction integrity and loss of endothelial cell elongation ability.[@CIT0033],[@CIT0034] In addition, PTP has been reported to regulate the phosphoinositide 3-kinase (PI3K) signaling pathway through dephosphorylation of pik3r2.[@CIT0035] In this study, the expression of *ptp-rb* and *pik3r2* in the zebrafish was inhibited by Deox B 7,4 treatment, which is consistent with the results of the previous studies.

COX-2 and matrix metallopeptidases are the vital regulators of inflammatory angiogenesis; the inhibition of expression of COX-2 and expression of mmp9 has been shown to contribute to reduced angiogenesis in endothelial cells.[@CIT0036] Consistently, our data showed that COX-2 expression in the zebrafish was significantly inhibited by Deox B 7,4 treatment ([Figure 4](#F0004){ref-type="fig"}). The expression of mmp9 was substantially up-regulated by Deox B 7,4 treatment, suggesting that the anti-angiogenesis potential of Deox B 7,4 in the zebrafish embryos might not dependent on inhibition of mmp9 expression. However, the molecular mechanism of the upregulation of mmp9 needs further research.

The crucial roles of secreted slit proteins and their respective robo receptors during angiogenesis have been highlighted in a number of studies. Interaction of ROBO1/2 and SLITs, especially SLIT2, favors angiogenesis by promoting endothelial cell motility and cell polarity.[@CIT0037],[@CIT0038] Vertebrate ROBO4 is reported to control angiogenesis and blood vessel permeability.[@CIT0039],[@CIT0040] In human endothelial cells, ROBO1/ROBO4 heterodimer promotes cell migration.[@CIT0041] As a common cause of preeclampsia, hypoxia can significantly enhance the levels of SLIT3, ROBO1, and ROBO4 in placental endothelial cells.[@CIT0042] In this study, the potential anti-angiogenic agent Deox B 7,4 significantly inhibited the expression of *slit2, slit3, robo1, robo2*, and *robo4* in the zebrafish embryos ([Figure 4](#F0004){ref-type="fig"}).

The Dll4/Notch signaling pathway controls arterial-venous differentiation and angiogenic tip cell selection during embryonic vascular development.[@CIT0043]--[@CIT0046] In endothelial cells, activation of dll4/Notch transcriptionally enhances efnb2 expression, while decreased dll4/Notch function leads to ectopic arterial expression of efnb2 and arteriovenous malformations (AVMs).[@CIT0047] Furthermore, hey1 and hey2 are also canonical targets of Notch in endothelial cells.[@CIT0047]--[@CIT0049] In this study, dll4 and Notch-targeted hey2 and efnb2 were markedly down-regulated in the zebrafish embryos by Deox B 7,4 treatment ([Figure 4](#F0004){ref-type="fig"}), suggesting Deox B 7,4 treatment may result in AVMs during vascular development.

There were several limitations to this study. First, Deox B 7,4 exhibited multiple severe effects on the zebrafish embryogenesis in this study. Deox B 7,4 treatment not only resulted in the inhibition of ISVs formation but also led to ocular dysplasia and skeletal dysplasia in the zebrafish embryos, suggesting the roles of Deox B 7,4 treatment in the zebrafish embryogenesis are complex and may be involved in multiple mechanisms. Further studies are needed that focus on the side effects caused by Deox B 7,4 treatment and the underlying mechanisms. Second, the safety and the toxicity of Deox B 7,4 treatment for the juvenile zebrafish and the adult zebrafish with full development of major organ systems remain unknown. As a potential anti-angiogenic drug, these effects of Deox B 7,4 treatment should be investigated in future studies. Third, the in vitro anti-angiogenic functions of human endothelial cells were not conducted in this study. Therefore, this is a preliminary study about the anti-angiogenic functions of Deox B 7,4 and much investigation is still warranted before its clinical use.

In conclusion, five leads out of 240 compounds from the Natural Products Collection Library were identified with anti-angiogenic activities. Among them, treatment with Deox B 7,4 inhibited the formation of ISVs in the zebrafish embryos in a dose-dependent manner. The expression profile of angiogenesis-related genes suggested that Deox B 7,4 treatment may exert anti-angiogenic functions by inhibiting the slit2/robo1/2, the slit3/robo4, the cox2/ptp-rb/pik3r2, and the dll4/hey2/efnb2a signaling pathways as well as activation of vegfr-2/fgfr1/mmp9 ([Figure 5](#F0005){ref-type="fig"}). Further investigations need to be conducted in the future to unveil how Deox B 7,4 mediates the above-mentioned signaling pathways during vascular development.Figure 5Schematic model illustrating the mechanism underlying Deox B 7,4 inhibition on angiogenesis.**Abbreviations:** Slit, slit guidance ligand; robo, roundabout guidance receptor; fgfr, fibroblast growth factor receptor; cox2, cyclooxygenase; ptp-rb, protein tyrosine phosphatase, receptor type B; pik3r2, phosphoinositide-3-kinase regulatory subunit 2; dll4, delta-like ligand 4; hey2, Hes-related family basic helix-loop-helix transcription factor with YRPW motif 2; efnb2, ephrin B2; vegfr-2, vascular endothelial growth factor receptor-2; mmp9, matrix metallopeptidase 9.
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[^1]: **Abbreviations:** dll4, delta-like ligand 4; notch1a, neurogenic locus notch homolog protein 1; hey2, hes-related family basic helix-loop-helix transcription factor with YRPW motif 2; efnb2, ephrin B2; slit2, slit guidance ligand 2; slit3, slit guidance ligand 3; robo, roundabout guidance receptor; vegfaa, vascular endothelial growth factor Aa; vegfr, vascular endothelial growth factor receptor; fgfr, fibroblast growth factor receptor; COX, cyclooxygenase; mmp9, matrix metallopeptidase 9; ptp-rb, protein tyrosine phosphatase, receptor type B; pik3r2, phosphoinositide-3-kinase regulatory subunit 2.

[^2]: **Abbreviations:** ID, identification number in the Natural Products Collection Library; Mol, molecule; Wt, weight; hpf, hours post fertilization.
